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A Structural, Kinetic Model of Soft Tissue Thermomechanics
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ABSTRACT A structure-based kinetic model was developed to predict the thermomechanical response of collagenous soft
tissues. The collagen fibril was represented as an ensemble of molecular arrays with cross-links connecting the collagen
molecules within the same array. A two-state kinetic model for protein folding was employed to represent the native and the
denatured states of the collagen molecule. The Monte Carlo method was used to determine the state of the collagen molecule
when subjected to thermal and mechanical loads. The model predictions were compared to existing experimental data for New
Zealand white rabbit patellar tendons. The model predictions for one-dimensional tissue shrinkage and the corresponding
mechanical property degradation agreed well with the experimental data, showing that the gross tissue behavior is dictated by

molecular-level phenomena.

INTRODUCTION

Subablative heating of collagenous soft tissue is central to
therapies such as thermal capsulorraphy (1,2), thermal treat-
ment of the anterior cruciate ligament, knee and elbow laxity
(3), thermokeratoplasty (4), treatment of spider veins, saphe-
nous vein closure, and facial cutaneous disorders (skin resur-
facing, and port wire stain treatment (5)). These therapies
utilize heat-induced denaturation of the collagen molecule,
which is the major component of most soft tissues. Depending
on the tissue type, hydration level and tensile force on the
tissue, collagen denaturation starts in the temperature range
55-75°C. During denaturation, hydrogen bonds that stabilize
the triple-helical structure of the collagen molecule break, and
the molecule unfolds irreversibly from its native state (6,7).
Even though there is an increase in the range and popularity
of thermal therapies, for many of them there still are no
established guidelines for clinical use (7,8). This is mainly
attributed to the lack of understanding of the tissue response.

At the single-molecule level, collagen denaturation is con-
sidered to be an irreversible rate process, governed by first-
order kinetics (6,9-11). Thermodynamics of the denaturation
process have been widely studied, and values for activation
energies and rate constants for many species and tissue types
have been reported (10,12). At the tissue level, the outcome
of collagen denaturation is observed as shrinkage of the
tissue, loss of birefringence, and changes in gross mechan-
ical properties (13—17). There are relatively few published
theoretical studies describing the heat-induced alterations in
soft tissues. These studies are based either on phenomeno-
logical equations (18—20) or on ideas derived from contin-
uum mechanics and classical thermodynamics (21), and do
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not incorporate molecular-level phenomena to describe the
tissue-level behavior.

In this work, a novel methodology for studying the kinet-
ics of thermal denaturation of collagenous tissues is pre-
sented and used to predict the thermomechanical response of
a homogeneous collagenous tissue composed of a parallel
array of fibers. The modeling approach takes into account the
microstructure of the tissue and utilizes information at the
single-molecule level to obtain the macroscopic response.
The predictions of the model are compared to experimental
data presented in a previous study (13).

METHODS
Molecular-level modeling

The collagen molecule has a triple-helical structure, where the helices are
linked to each other and stabilized by hydrogen bonds. At sufficiently high
temperatures, the hydrogen bonds break, resulting in denaturation and shrink-
age of the molecule (Fig. 1 A). In this research, collagen denaturation is
modeled according to two main assumptions:

1. Collagen denaturation at the molecular level is governed by an irre-
versible rate process and follows first-order kinetics (6,9—11). Therefore,
the rate constant can be calculated by the Arrhenius equation.

2. The two-state model of protein folding describes collagen denaturation.
According to this model, the collagen molecule has only two config-
urations, native and denatured. The two-state model implies a stochastic
process, making it suitable for the application of the the Monte Carlo
method (22,23).

A two-state Gibbs free-energy diagram is shown in Fig. 1 B (see also
(12)). The native state corresponds to the folded (triple-helical) state of the
collagen molecule, and it is thermodynamically favorable at physiological
temperatures. With increasing temperature, the collagen molecule gains
enough energy to overcome the energy barrier and transitions into the dena-
tured state. Under stress-free conditions, the energy required for the mole-
cule to reach the transition state (i.e., activation Gibbs free energy) is AG®.

Assuming irreversible, first-order kinetics, the equation governing the
thermal denaturation of a collagen fiber consisting of N collagen molecules
in the native state is
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FIGURE 1 (A)Native and denatured states of
the collagen molecule based on Harris and
Humphrey (58). (B) Energy states of the colla-
gen. There are two energy levels corresponding
f to the two states, with the native state being at
the lower energy level. The activation Gibbs
free energy is AG°. Under tensile force, F,
applied on the molecule, an extra term account-
ing for the mechanical work, Fx,, contributes to
the energy balance. x,, distance between the
native and the transition states; xq, distance
between the denatured and the transition states;
AGn.p, energy of denaturation between the

Denatured state, D
AGy.p

<—>4¢> native and denatured states; A(AGn.p), contri-

dN

dt
where £ is the rate constant, and 7 is the time. The rate constant at the stress-
free state, k,, is a function of the temperature, 7, and is given by the

Arrhenius equation:
AE°
k, = Aexp (——) , 2)

ks T

where A is the (constant) frequency factor, kg is Boltzmann’s constant, and
AE® is the activation energy. The rate constant can also be written using the
transition state theory as (9,10)

o T (S (A WT_ ([ AG°

=k—exp| —|exp| ———= | = k—exp| ——
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where  is the transmission coefficient, / is Planck’s constant, and AS®, AH®,
and AG? are the activation entropy, enthalpy, and Gibbs free energy, respec-
tively.

The tensile force applied on the molecule stabilizes the native state by
increasing the Gibbs free energy by a factor of Fx, (Fig. 1 B), where F is the
applied tensile force and x, is the distance between the native and the
transition states (22,24-26). Therefore, when the collagen molecule is under
tensile load, F, Eq. 3 can be written as

kgT AG’ + Fx, Fx,
k=Kk— — | =k — . “
K= exp( T > exp( kBT) 4

Note that in Eq. 4, k, can be calculated either from the Arrhenius equation
(Eq. 2) or the transition state theory (Eq. 3).

In the model presented here, Eq. 4 is used to calculate the rate constant as a
function of the tensile load on the collagen molecule and the isothermal
temperature. The effects of other parameters (e.g., pH and electrolyte con-
centration (27)) on the rate of denaturation were not considered.

Studies (28,29) have shown that the response of the collagen molecule to
tensile force is nonlinear. Thus, a phenomenological, exponential relation-
ship was utilized to represent the force-elongation response of the collagen
molecule in both the native and the denatured states (30-32),

EmAm
B,

where F is the force, A,, is the cross-sectional area of the molecule, & is the
Green strain given by & = 0.5(A> — 1), where A is the stretch ratio, and the

F= (eXp(Bme) - 1)5 (5)
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- bution of the mechanical work to the free energy
of denaturation.

constant B;, accounts for the nonlinearity of the response. For small dis-
placements, i.e., A—1, Eq. 5 reduces to the linear elastic model with
modulus E,,. To account for the decrease in the molecule cross-sectional
area in response to stretching, we assumed that the molecule was incom-
pressible. Thus, the area A,,, was computed using A, = A/A, where A, is the
cross-sectional area of the unstretched molecule.

The undeformed length of the collagen molecule in the native state was
taken as 290 nm (33,34). It was assumed, based on shrinkage data for
unloaded tissue (14,35), that the denatured collagen molecule shrank by
65% to a final length of 101.5 nm.

Fibril-level organization

The molecular organization and packing in collagen fibrils is complex (36—
39). In our model, to represent the structure of the collagen fibril, a model
similar to that used by Sasaki et al. (40) was employed. It was assumed that
the neighboring collagen molecules are parallel to one another and are con-
nected by cross-links in a staggered pattern forming molecular arrays (41).
The molecular arrays are grouped together to form the fibril (Fig. 2 A). Under
tension, the force, F;, is transmitted through cross-links (in a staggered
fashion), which was modeled using an in-series arrangement of molecules.
The collagen fibril was modeled as an ensemble of collagen molecular ar-
rays, parallel to one another, with the molecules connected at their end points
by the cross-links (Fig. 2 B).

In tendons or ligaments, fibrils aggregate to form fibers, which in turn form
fascicles (33). Given the complexity of the hierarchical structure of colla-
genous tissues, incorporation of all of the interactions among these individual
units is considerably challenging. Therefore, as a first-level approximation,
we assumed that the heat-induced response of the tissue is represented at the
level of an individual fibril.

Based on Eq. 1, the incremental number of molecules expected to de-
nature (AN) during a given short period of time Az can be approximated by
N X kAt. The probability, P, for a collagen molecule to denaturate when it is
exposed to a hyperphysiological temperature is given by

P = kAt 6)
for small At, such that kAr < 1.

As shown in Fig. 2 B, the total force Fi, applied to the fibril is the sum of
forces, F;, applied on the individual collagen molecular arrays:

Fo=YF. @)

In the beginning of the solution algorithm (+ = 0), the forces, F;, of
the parallel arrays were equal, enabling determination of the equilibrium
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FIGURE 2 (A) Structure of the collagen fibril. The native state of the
collagen molecule is shown. Molecules form a staggered pattern and are
bonded together by cross-links. Molecular arrays are grouped together to
form the fibril. Thick line shows the in-series arrangement of the molecules.
(B) Model representation of the collagen fibril. Molecular arrays are aligned
parallel to each other.

positions of the collagen molecules. The denaturation probability of each
collagen molecule exposed to a temperature 7 and a tensile force F; was
determined, and a random number, r, between 0 and 1, was assigned to each
molecule at the native state. If » < P, it was assumed that the native molecule
had denaturated, its mechanical properties changed and its length decreased
to those of the denatured state (42).

Since the denatured molecules were determined by a stochastic process,
not all of the parallel molecular arrays had the same degree of denaturation
(i.e., number of denatured molecules). Therefore, if the forces F; applied to
each array were the same, molecular arrays with more denatured molecules
would be shorter than the arrays with fewer denatured molecules. The length
of the molecular arrays, however, should be identical within the fibril, and the
total force F,, should be constant. Thus, at each time step in the Monte Carlo
simulation, the forces F; were redistributed among the parallel arrays to ensure
a constant total force on the fibril and identical lengths for the molecular
arrays. The solution algorithm can be summarized as follows: 1), A force, Fio
was applied to the collagen fibril. 2), Each molecule at the native state was
tested for denaturation (i.e., their probability of denaturation was calculated).
3), The mechanical properties (i.e., the modulus) and the undeformed length
were modified for the denatured molecules (i.e., those with a probability of
denaturation larger than the denaturation probability at that temperature and
load). 4), The forces, F;, were recalculated to keep the total force constant (i.e.,
F, = constant) and to ensure identical lengths for the molecular arrays. 5),
Steps 2—4 were repeated for the next time interval. A schematic of the
algorithm is presented in Fig. 3.
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1. A Force F,, is applied on the
fibril. Equilibrium positions of
molecules are determined.
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FIGURE 3 Schematic of the solution algorithm.

Model specification

The model predictions were compared to existing experimental data for New
Zealand white rabbit patellar tendons previously reported by Aksan and
McGrath (13). Those authors gave the constants A and AE® for the Arrhenius
equation as A = 1.136x10%s~! and AE® = 5.623 X 10°J/mol. To calcu-
late the rate constant under zero force, Eq. 2 was used, and since the
activation energy was measured per mole (and not per molecule) the
Boltzmann’s constant, kg, was replaced by the gas constant, R.

The experimental protocol included consecutive cycles of isothermal,
isotonic shrinkage of the patellar tendon specimens by immersion in a water
bath, followed by tensile testing to determine mechanical properties. The
experiments were repeated for different sets of tensile loads and treatment
temperatures. Four different load conditions were considered: 2.5, 5.0, 7.5,
and 10.0 N and the treatment temperatures ranged from 66.34 to 72.25°C.
During heating, the shrinkage of the tissue was measured as a function of the
calculated thermal damage, (), given by the Arrhenius integral (43):

(1) = / A X ¢ BERD gy 8)
0

For an isothermal process, the above integral can be combined with Eq. 2
and written as

O(t) = kot. 9)

The model developed here was fitted to four randomly selected specimens
reported in Aksan and McGrath (13), one for each load condition. The
experimental conditions chosen are shown in Table 1.

The model contains 10 physical parameters, as listed in Table 2. Two of
these parameters, A and AE®, were determined independently in the previous
study (13). The tangent modulus, E,,, and the diameter of the native collagen
molecule were taken to be 4.0 GPa and 1.23 nm, respectively, based on
reported values for undenatured systems (40,44,45). The constants B, and By
for the native and denatured states were determined by fitting Eq. 5 to the
stress/strain response of the tendon before and after complete denaturation
(A. Aksan, unpublished data) and found to be 1.0 and 0.35, respectively.

Biophysical Journal 94(3) 717-725
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TABLE 1 Test conditions for the four specimens reported in
the literature

Specimen Test load (N) Temperature
number (test stress (MPa)) average = SD* (°C)
1 10.0 (0.725) 71.30 = 1.39
3 7.5 (0.601) 70.72 = 1.43
7 5.0 (0.312) 66.87 £ 1.38
8 2.5 (0.192) 66.34 + 1.40

The four specimens in the table were evaluated by Aksan and McGrath
(13).

*SD, the variation of the average temperature during the course of the
experiment.

B, and By were based on predenaturation or postdenaturation data, not on
dynamic data, so they may be considered to have been determined
independently with respect to the dynamics of denaturation. The length of
the normal collagen molecule, L,, is well established, and the shrinkage ratio
for denatured tissues in the absence of load gives an excellent estimate of the
rest length of the denatured collagen molecule, Ly. As mentioned earlier, the
length of the native molecule was taken as 290 nm, and the length of the
molecule in the denatured state was taken as 101.5 nm. The tangent
modulus, Ey, of the denatured molecule was determined by regression to the
experimental data and it was assumed that the cross-sectional area of the
molecule did not change upon denaturation. The distance to the transition
state, x,, could be measured with single-molecule force spectroscopy, as has
been done for ubiquitin (46). There are no reported values for collagen
denaturation. The value of x,, in the model presented here was taken as
constant. Calculations were performed by varying x;, from 0.2 to 1.7 nm (in
the range reported for other proteins (47)) to explore how the model
predictions depend on the choice of x,,. Thus, only the denatured molecule
modulus, Eg4, and the force, F,, were actually varied to ensure fit between
the existing experimental data and the model predictions. The force, Fy,
was regressed for each experiment simulated, and the modulus, Eq4, was
determined to minimize the total prediction error over the four conditions
studied.

TABLE 2 Model parameters

Model parameters

Value

Source

Arrhenius constant, A
Activation energy, AE°

1.135 X 1086 57!
5.63 X 10° J/mol

Given in (13)
Given in (13)

Distance to the transient 0.2-1.7 nm Estimated values
state, x, (varied in this based on (47)
study)

Tangent modulus for 4.0 GPa Reported values

native collagen, E,
Tangent modulus for

denatured collagen,

Eq4 (depending on x,)

132.6-17.7 MPa

(40,44,45)
Regressed to
experiments (13)

Constant for native 1.0 Based on (13)
collagen, B,

Constant for denatured 0.35 Based on (13)
collagen, By

Length of native 290 nm Given in (33,34)
molecule, L,

Length of denatured 101.5 nm Based on (14,35)
molecule, Ly

Diameter of collagen 1.23 nm Given in (33,34)
molecule

Number of parallel 1000 Preliminary studies
molecular arrays

Number of molecules 500 Preliminary studies

per array
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Typically, a collagen fibril consists of ~4000 molecular arrays (48). Our
preliminary calculations gave similar results for fibrils made up of 1000—
10,000 arrays, suggesting that a fibril model containing 1000 arrays is
sufficient to capture the general features of the response. In a similar fashion,
the effect of the number of molecules in an array on the predictions was
examined. The results remained unchanged for arrays of >400 molecules.
Thus, in the model, the number of molecules/array was set to 500.

RESULTS

In Figs. 4 and 5, the model predictions for tissue shrinkage as
a function of thermal damage are presented and compared to
the selected experiments. The shrinkage is defined as 1 — A,
where A is the ratio of the tissue length during heating to the
length of the tissue before heating and is calculated as

L

1 —A=1-_",

L (10)

where L is the current length of the tissue, and L, is the tissue
length before heating (at t = 0 in Fig. 3).

Fig. 4 shows the model predictions for x, = 0.2 nm and Fig.
5 shows the model prediction for x, =1.7 nm. The shrinkage
versus thermal damage curves for the other values of x,
employed in this study (not shown) gave similar goodness of
fit. The model predicts the heat-induced shrinkage of the
tissue for the whole range of tensile loads and temperatures
tested. The R* value is also given in the captions of the plots to
describe the predictive power of the model. The model fit
to the experimental data is very good for both values of x,,
resulting in R? values of 0.95 or higher (the closer R is to 1,
the better the model). The forces applied on each molecular
array (F;) for the four experimental cases and for x,, = 0.2 nm
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FIGURE 4 Shrinkage versus thermal damage for computed (solid line)
and experimental (squares) results. The value of x, is 0.2 nm, and the
modulus E4 was calculated as 132.6 MPa. Specimen 1, test load 10 N,
calculated force/molecular array 218 pN, R* = 0.987. Specimen 3, test load
7.5 N, calculated force/molecular array 185 pN, R? = 0.967. Specimen 7,
test load 5 N, calculated force/molecular array 144 pN, R* = 0.989.
Specimen 8, test load 2.5 N, calculated force/molecular array 102 pN, R?> =
0.967.
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FIGURE 5 Shrinkage versus thermal damage for computed (solid line)
and experimental (squares) results. The value of x, is 1.7 nm, and the
modulus E4 was calculated as 17.7 MPa. Specimen 1, test load 10 N,
calculated force/molecular array 26 pN, R> = 0.994. Specimen 3, test load
7.5 N, calculated force/molecular array 22 pN, R? = 0.990. Specimen 7, test
load 5 N, calculated force/molecular array 17 pN, R? =0.993. Specimen 8,
test load 2.5 N, calculated force/molecular array 12 pN, R* = 0.950.

and x, =1.7 nm are shown in Table 3. We see that increasing
X, decreases the force, F;. Note that for the Results and
Discussion sections, the values of F; presented are at time
t = 0, where all molecular arrays carry the same force.

Fig. 6 depicts the dependence of £, and F; (for specimen 8)
on x,. Increasing x,, decreases the calculated force F; and
the modulus of the denatured molecule, E4. The decrease in
F; results from the kinetics of denaturation for £ to remain
unchanged (Eq. 4), whereas the decrease in £, is subsequent
to the decrease in Fj, so that the same levels of shrinkage
are achieved (Eq. 5). The two curves can be fitted by the
power law functions log F; = 1.3 —logx, andlog Eq = 1.47—
0.94log x,.

So far, we have shown that the choice of x,, only affects the
fitting parameter, E4, and not the model predictions. For the
rest of the simulations, the value of x,, was kept constant at 1.7
nm. Simulations were also performed to further address the
effect of temperature and force on thermal denaturation
kinetics. For the first series of simulations, the force (F;) was
kept constant at 15 pN and the temperature was varied from 64
to 72°C. The change of the degree of denaturation with time

TABLE 3 Previously reported test loads and forces applied to
molecular arrays as calculated with the model

Specimen Test load Force/array, Force/array,
number ™) F; (pN) x, = 0.2 nm F; (pN) x, = 1.7 nm
1 10.0 218.0 26.0
3 7.5 185.0 22.0
7 5.0 144.0 17.0
8 2.5 102.0 12.0

The test loads reported were from Aksan and McGrath (13).
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FIGURE 6 Variation of calculated E4 and F; (for specimen 8) with x;,.

was recorded and the results are presented in Fig. 7 A. The
degree of denaturation is given as the ratio of the denatured
molecules in the fibril over the total number of molecules. In
Fig. 7 B, the temperature was kept constant at 66°C and the
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FIGURE 7 Predicted denaturation kinetics for (A) F; = 15 pN while the

temperature is increased from 64 to 72°C, and (B) T = 66°C while the force
varies from 10 to 18 pN. The value of x, is 1.7 nm.
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force was varied from 10 to 18 pN. It was observed that the
effects of increasing the temperature and decreasing the load
were the same; both increased the rate of denaturation. This
was consistent with experimental observations.
Experimental observations in one-dimensional tissues
have also revealed a ‘‘time-temperature-load equivalency.”’
If the denaturation time is scaled over a characteristic value,
the denaturation curves for different sets of temperatures and
loads fall on the same master curve (13,14). Taking the time
that corresponds to 50% denaturation as a characteristic time,
and plotting the denaturation curves of Fig. 7, A and B,
together, we observe that such a relationship between time,
temperature, and load is also predicted by the model. The pre-
dicted master curve and the experimental curves for the four
specimens are plotted in Fig. 8. For the experiments, the
degree of denaturation was estimated as (1 — A)/(1 — A), ...
In Aksan and McGrath (13), the changes in the mechanical
properties of the tissue were also measured, and it was shown
that the decrease in the tangent modulus with shrinkage of
the tendon followed the same (master) curve, independent of
the treatment temperature and load. To test the ability of the
presented methodology to capture the heat-induced altera-
tions in the mechanical behavior of the tissue, the tangent
modulus of the fibril was calculated for the four studied cases.
As stated in Fung (33), the tangent modulus of the fibril cannot
be derived from multiple moduli of the molecules. Therefore,
for the calculation of the fibril’s tangent modulus a method
similar to that used in the experiments was employed. The
simulations shown in Fig. 5 were repeated, but were
terminated at different degrees of thermal damage, and then
the whole fibril was stretched to a final Green strain ranging
from 40% (native fibril) to 200% (totally denatured fibril),
and the stress/strain response of the fibril was recorded. From
the slope of the linear part of the curves, the tangent modulus
was calculated. To measure the strain, the initial length of the

Degree of denaturation

Dimensionless time

FIGURE 8 Master curve (solid line) showing the predicted time-temperature-
load equivalency. The experimental measurements are also shown: specimen
1 (X), specimen 3 (+), specimen 7 (A ), and specimen 8 (@). Dimensionless
time is the time divided by the time at 50% denaturation.
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fibril was taken to be the fibril length before stretching of
the fiber; in accordance with the experimental measurements.
Results were given as the decrease in the tangent modulus
E/E,, where E is the tangent modulus of the collagen fibril and
E, is the tangent modulus of the native collagen fibril, versus
the shrinkage of the tissue. Fig. 9 depicts the computed de-
crease in the tangent modulus and the master curve measured
experimentally in Aksan and McGrath (13).

DISCUSSION

In this work, we developed a structure-based model for colla-
genous tissue thermomechanics that incorporated the tissue
molecular and structural architecture to predict the gross tis-
sue response. Despite its simplicity, the model could simulate
unidirectional collagenous tissue behavior in the range of
tensile loads and temperatures previously studied. The model
also predicted the experimentally observed time-temperature-
load equivalency, and the rate of degradation of the mechan-
ical properties of the tissues during denaturation.

A crucial parameter used in the method described here is
the distance between the native and transition states, x,,, which
appears in Eq. 4. The value of x,, for the thermal denaturation
of the collagen molecule is not known but it could be mea-
sured experimentally, as has been done for the unfolding of
other proteins (46). We decided to vary x,, from 0.2 to 1.7 nm,
in the range reported for other proteins (47), and we showed
that the model could predict the experimental tissue response
for any value of x,,. Any change in the value of x;, resulted in
changing the force F; so that the rate constant given by Eq. 4
remained the same. The change in force, in turn, resulted in
decrease of Ey so that the same levels of shrinkage were
reached (Eq. 5). Therefore, in our analysis, collagen denatur-
ation can be seen as a process governed by two dimensionless
quantities, an energy parameter Fx,/kgT, and a force param-
eter F/E4A4. As long as these two parameters remain the same,

0.0 0.1 072 0.3
Shrinkage (1-A)

FIGURE 9 Decrease in the normalized tangent modulus of the fibril, E/E,,
with shrinkage (1 — A) for the experimental (solid line) and the computed
results for the four studied conditions: specimen 1 (X), specimen 3 (+),
specimen 7 (A ), and specimen 8 (@). The value of x, is 1.7 nm.
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the predicted response of the tissue will be the same, only
deviating due to the fluctuations arising from the stochastic
nature of the model. The value of x,, however, can vary con-
siderably for different systems, and for this reason the value of
X, for the collagen molecule must be experimentally deter-
mined to achieve more accurate predictions.

Another, possibly useful, prediction of the model is based
on the fact that more than one pair of temperatures and forces
(T, F) can give the same value of the rate constant, k. A rela-
tionship between two different such pairs can be derived from
Egs. 2 and 4,

T, AE’+ F,x, 1
T, AE°+Fx, (11
According to the model, Eq. (11) describes all the pairs of
(T, F) for which the denaturation response of the tissue,
expressed as degree of denaturation versus time, will be
the same. This is of importance if we consider the fact that, so
far, the selection of temperatures and loads with which re-
searchers experiment is based on empirical observation and
not on an established guideline. Therefore, the model could be
possibly used as such a guide. However, further experimental
analysis is required to determine the range of validity of these
predictions.

The predicted force F; was in the range 12-218 pN,
depending on the value of x, used and the specimen number
(see Table 3). Experimental studies of the mechanical
properties of single collagen molecules report force values
that fall into the same range (28,29). Another consideration is
that even though the load on the tendon increased by a factor
of 4 (from 2.5 to 10 N), the force on the molecular array
changed by a factor of ~2.15. This discrepancy may be due to
the fact that the model ignores interactions among fibrils and
among higher-order units that comprise the tendon (fibers and
fascicles). Additional factors are the presence of components
other than collagen, like proteoglycans and the interstitial
fluid contributing to the overall mechanical response of the
tissue. In addition to that, the model incorporates only tensile
forces applied to the molecules. However, it is also possible
that shear forces develop (49) and contribute to the interac-
tions between molecular arrays. Furthermore, the assumption
of collagen molecule incompressibility is a simplification, and
also, as the diameter of the molecule decreases, the forces due
to water hydration increase considerably (50,51). This could
affect the force-elongation relationship (Eq. 5). Table 3 shows
that every time the load on the tendon is doubled, the force on
the molecular array increases by a factor of 1.2 to 1.4, which
implies that the increase in the microscopic force follows the
same trend as the increase in the macroscopic load.

The tangent modulus of the denatured molecule was found
to range from 132.6 to 17.7 MPa (depending on the choice
of x,), much lower than the modulus of the native molecule
(4 GPa), which is in agreement with the experimental obser-
vations (13,20,52). Also, note that when calculating Eg, it was
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assumed that the cross-sectional area of the molecule did not
change with denaturation. There is experimental evidence,
however, showing that the denatured fiber is thicker than the
native (53), and thus, the molecule must be thicker in the
denatured state. Therefore, the tangent modulus might be
even lower.

The two-state model has been used for describing the
mechanical unfolding of proteins in many studies (22,23,54).
For the thermal transition of collagen, however, there is evi-
dence that the two-state approximation might not be ideal
(55), and even that the mechanism of collagen molecule un-
folding might not be the same as with other protein molecules
(e.g., fibronectin) (56). This study has shown that irrespective
of the intermediate states, the two-state model might be
sufficient to perform thermomechanical analyses that require
information on the kinetics of thermal damage.

The mathematical model presented is based on the idea that
tensile forces stabilize the collagen molecule by increasing the
Gibbs free energy of the system. This can be explained by the
fact that the applied force decreases the possible number of
configurations that the collagen molecule can take and con-
sequently decreases the conformational entropy of the system.
This is in agreement with previously reported results by Miles
and Ghelashvili (57).

We have modeled the thermomechanical response of
collagenous tissues as a stochastic process, where initially
all of the collagen molecules have the same probability of de-
naturation. During thermal denaturation, therefore, the degree
of denaturation in different molecular arrays (i.e., the number
of denatured molecules in each array) varies. Arrays with a
higher degree of denaturation (higher number of denatured
molecules) carry higher loads as they experience larger
strains. Therefore, native molecules in the arrays with a higher
degree of denaturation have decreased probability of dena-
turation. This process is in agreement with other studies
(19,53), in which the authors examined the effect of the inter-
actions among the constituents on the thermal damage of
tissues.

Of great importance is the incorporation of this kinetic
approach into existing biomechanical models. In general,
there is a lack of structural thermomechanical models that
predict the various stages of thermal damage accumulation in
soft tissues while providing a correlation between thermal
damage and the changes in the mechanical properties of the
tissue. The biomechanical models now being used examine
collagenous tissues as matrices of a very high number of
interacting or noninteracting fibrils (31,32). The observed
time-temperature-load equivalency, however, simplifies the
solution algorithm considerably, since the degree of dena-
turation (as well as its tissue level outcome) can be calculated
by using a single parameter, the characteristic time. If the
dependence of the characteristic time on temperature and
load was explicitly known, the shrinkage and the degradation
of the mechanical properties of the collagen fibrils at any
time, temperature, and load would be known. Experimentally
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derived equations that relate the characteristic time to load
and temperature changes for specific tissues have been
reported (14). A mathematical framework that would provide
accurate predictions of the characteristic time for any set of
temperatures and loads and for any tissue type is therefore
required.
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